We studied a group of 17 dogs 4 to 6 years after infarction produced by 2 hr occlusion of the anterior descending coronary artery followed by reperfusion. Dogs in this "late" infarct group were compared with a group of 24 dogs with "early" healed infarcts (2 to 24 weeks old). With signal-averaging techniques body surface potentials were recorded during sinus rhythm. After thoracotomy epicardial electrograms were recorded from 45 standardized sites within the infarcted region and characteristics of selected electrograms were compared with anatomic features of underlying myocardium. Epicardial recordings from the late infarct group demonstrated earlier local activation (p< .001) and shorter electrogram duration (p< .001) when compared with recordings from the early infarct group. There was less temporal dispersion of activation and electrogram duration among the 45 sites in dogs with late infarcts as measured by respective coefficients of variance (p= .007 and <.001). With programmed stimulation six dogs in the late and eight in the early infarct group exhibited inducible sustained ventricular tachycardia. Mean cycle length of the tachycardia in dogs with late infarcts was significantly shorter (p = .035). Late potentials were notably less prominent in dogs in the late infarct group with ventricular tachycardia than in dogs in the early infarct group. Fewer abnormal electrophysiologic characteristics of late infarcts coincided with relatively less scar in the underlying myocardium. Moreover, the strength of electrophysiologic-anatomic correlations differed in late as opposed to early infarcts. The latter findings suggest long-term evolution of infarct anatomy. We conclude that a substrate for reentrant tachycardia is present in dogs 4 to 6 years after reperfused infarction. Conduction characteristics are less abnormal in these late healed infarcts and are associated with a shorter ventricular tachycardia cycle length and less pronounced late potentials on the body surface.
diac fibers serve as critical factors for arrhythmogenesis, the mechanism ofwhich involves reentry in the infarcted region.3'4 Electrophysiologic characteristics of canine infarcts have been presumed to be invariant once in the healed phase (greater than 2 to 8 weeks).5 However, the duration of inducibility of arrhythmia in reperfused infarcts is unknown.
A recent longitudinal study has suggested that remodeling of canine infarcts continues beyond the 2 to 8 week healing phase.6 Should evolution of infarct anatomy (compensatory hypertrophy, infarct contraction) occur over the long term, one could expect that electrophysiologic variables associated with old infarcts might differ significantly from those associated with infarcts healing earlier. Changes in electrophysiology with age might in turn alter the in-445 ducibility or characteristics of reentrant arrhythmias. To approach these issues, we studied a group of 17 dogs with infarcts ranging in age from 4 to 6 years. We characterized the electrophysiology of the infarcted region using epicardial mapping and signal-averaging techniques, and thereafter determined inducibility of sustained ventricular tachycardia. Our analysis was extended to include anatomic features of the infarct border zone. Dogs in this "late" infarct group were compared with a previously studied group7' 8 of 24 dogs with similarly prepared chronic infarcts ranging in age from 2 to 24 weeks. Our objectives were threefold: to compare the electrophysiologic characteristics of the infarcted regions of "early" versus "late" infarct groups, to determine the relative incidence of inducibility in the two groups, and finally to correlate these electrophysiologic characteristics with histologic features ofthe underlying epicardium.
Methods
Mongrel dogs weighing 8 to 16 kg underwent an experimental infarction procedure previously shown to render dogs highly susceptible to inducible ventricular arrhythmias several days to weeks after recovery.2 Briefly, through a limited left lateral thoracotomy under sodium pentobarbital anesthesia (30 mg/kg iv), the left anterior descending coronary artery was occluded proximal to the first diagonal branch in two stages for 2 hr followed by complete reperfusion.
All experiments conformed to "Guiding Principles in the Care of Animals of the American Physiological Society T body surface electrocardiographic potentials were recorded during sinus rhythm with signal averaging procedures and analyses developed by Simson9 and described previously.7 Analog signals from bipolar x, y, and z leads were sequentially analog-to-digital converted at 1000 Hz to 12-bit accuracy and stored on a Winchester hard disk (Hewlett-Packard 9834A) with a Hewlett-Packard 9836 microcomputer. Approximately 200 x, y and z QRS complexes were passed through a template recognition program. averaged, and then filtered with a bidirectional digital filter set at a high pass of 50 Hz. Filtered signals were combined into a vector magnitude. QRS time intervals and voltages were determined by computer algorithms.
The center transition point of the bidirectional filter was adjusted to lie within the high-energy portion of the QRS complex. For the present experiments the mean time of the transition point was 22.3 msec after the beginning of the QRS, well before the onset of late potentials. As such filter ringing associated with rapid voltage transients was buried within the center of the QRS complex. Since the bidirectional filter scans in the reverse direction toward the transition point of a signal-averaged complex, for example a rSR' complex, late impulses in the QRS could result in prolonged ringing propagated backward into the filtered QRS. The filter nonetheless detects low-amplitude activity (i.e., late potentials) occurring in the terminal component of the signal-averaged QRS complex before it encounters any highenergy impulses late in the QRS. Figure 1 demonstrates with the use of two test signals the characteristics of the 50 Hz high-pass bidirectional filter. In panel A, the filtered output (below) of a 40 msec duration test signal (above) exhibited no filter artifacts after the test signal. The transition point of the filter, indicated by horizontal arrows, had been set 20 msec after the beginning of the test signal. In panel B, the filter accurately detected a low-amplitude component added to the end of the test signal in A. Late potentials were characterized by variables derived from dogs with early infarcts (days to weeks) and were similar to those used in man.7 9 Variables included total QRS duration, total root-mean-square voltage in the last 20 msec of the QRS com-B FIGURE 1. Two test signals that demonstrate the ability of our 50 Hz high-pass bidirectional filter to discriminate low-amplitude activity within the terminal component of signal-averaged QRS complexes. A 40 msec duration signal is shown in A and an 80 msec signal with a low-amplitude terminal component is shown in B. Vertical dashed lines align the beginning or end of the test signals (above) with beginning or end oftheir filtered outputs (below). The adjustable transition point of the filter (horizontal pair of arrows) was set 20 msec after the beginning of the test signal. Artifactual filter ringing is obscured within the high-energy portion of the QRS. ,.
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fl TIME (msec) TIME (msec) CIRCULATION 446 plex (V20), and duration of activity in the terminal portion of the QRS complex below 30 ,uV (D30). A late potential was defined as fulfilling at least two of the following criteria: QRS duration greater than 63 msec, D30 greater than 18 msec, or V20 less than 14 gYV.7
After left lateral thoracotomy the heart was supported in a pericardial sling. Bipolar plunge electrodes inserted subepicardially in normal areas of right and left ventricle provided reference electrograms and served as stimulating electrodes for pacing protocols. A 1.5 x 3 cm plastic template was sutured over the infarcted region located visually. The template, as previously described,7 contained 45, 1 mm diameter holes arranged in a 9 x 5 grid, each separated from its neighbor by 2.5 mm. Electrograms were recorded sequentially during sinus rhythm at 45 positions with a hand-held roving electrode array. The latter consisted of two orthogonally arranged bipolar leads with 0.3 mm diameter poles and a 0.6 mm center-to-center distance between pairs. Orthogonal and reference electrograms were filtered with a band pass of 40 to 1000 Hz, displayed on a memory oscilloscope (Tektronic D-15), and recorded simultaneously on a Gould electrostatic stripchart recorder at a paper speed of 250 mm/sec. All 45 recorded electrograms were referenced to the beginning of the QRS complex and variables were manually digitized with a Hewlett-Packard 9836 computer system (resolution, 0.002 mV and 0.1 msec). The electrode array was considered to be at anonactivated epicardial site when the largest component in both electrograms did not exceed 0.1 mV. Local activation time was measured to peak or baseline crossing of the largest fast deflection in the electrogram. Onset of activity was taken as the point on the electrogram at which the signal deviated greater than 0.1 mV from baseline. Termination was taken as the latest deflection exceeding 0.1 mV.
Arrhythmia testing. All animals were evaluated for susceptibility to ventricular tachyarrhythmias by a previously described pacing protocol.3 After 8 basic ventricular drive beats at cycle lengths of either 350 or 300 msec, single, double, and triple ventricular extrastimuli were introduced. Right and then left ventricular stimulation was performed at twice diastolic threshold. If tachyarrhythmias were not induced, the procedure was repeated at four times diastolic threshold. The protocol terminated once an arrhythmia was reproducibly induced. Sustained ventricular tachycardia was defined as lasting greater than 10 sec and having a cycle length of 120 msec or more. Parenthetically all tachycardias lasting more than 10 sec did not terminate spontaneously for at least a minute.
Histologic techniques. After the animals were killed, proper template location over the infarcted region was reconfirmed. Aneurysms were apparent in beating hearts as bulging, dyskinetic areas; their presence was documented subsequently in formalin-fixed tissue (wall thickness .4 mm).
Sections 10 ,um thick and 2 mm deep were taken perpendicular to the epicardium underlying the template's center row of nine recording sites. This procedure allowed for subsequent correlation of tissue sections with specific recording sites. A 2 mm section depth was chosen because previous studies had demonstrated that to be maximum recording depth for our epicardial electrodes.3
After trichrome staining, surviving muscle appeared red and connective tissue blue. Slides of the tissue sections were projected onto tracing paper. Outlines of each section and its islands of surviving myocardium were traced. Resulting areas were manually digitized with a Hewlett-Packard 9836 computer system. Surviving myocardium, interspersed in a matrix of scar tissue, frequently appears on sectioning as an island, while being nonetheless contiguous in three dimensions with surrounding viable fiber. Percent surviving myocardium was calculated as the sum of every island's area divided by the section's total area and multiplied by 100.
Statistical methods. Activation times and durations from each animal's 45 electrograms (as well as from its subset ofnine electrograms used in correlation with tissue sections) were analyzed in terms of mean, SD, and coefficient of variation. The latter value ([SD/mean] X 100%) served as an index of dispersion (heterogeneity) of a measured electrophysiologic variable.
Comparison of early versus late infarcts was performed in all animals as well as only those in either group demonstrating inducible ventricular tachycardia. Significant differences between groups or subgroups for a given variable were determined by analysis of variance. For those variables, namely percent surviving myocardium and coefficients of variation, not exhibiting a normal distribution, significance in analysis of variance was judged by Wilcoxon's (nonparametric) rank-sum test. A p value of ' .05 was considered to indicate a significant difference. Linear regression analysis was used to compare electrogram characteristics with anatomic features.
Results
At the outset 41 dogs were studied, 24 with early infarcts (2 to 24 weeks) and 17 with late infarcts (208 to 292 weeks). Table 1 displays electrogram characteristics and signal-averaging results from all 41 dogs. When compared with animals studied earlier after infarction, late infarcts as a group demonstrated earlier local activation and shorter mean electrogram duration. As a further indicator of more normal conduction within older infarcts, signal-averaged body surface electrocardiograms from dogs in the late infarct group demonstrated shorter QRS durations, briefer D30s, and greater V20s (i.e., decreased late potentials). Despite these age-related electrophysiologic differences, the incidence of inducible sustained ventricular tachycardia was similar in both groups: six of 17 in the late versus eight of 24 in the early infarct group.
Inducibility of ventricular tachycardia presupposes a chronic electrophysiologic substrate associated with regional slow conduction and characterized by broad low-amplitude epicardial electrograms.3 The occlusion-reperfusion procedure, however, produces infarcts ranging in size, degree of mottling, and extent of electrophysiologic abnormality. Arterial occlusion in hearts with extensive collaterals may in fact result in minimal or no infarction. Normal conduction characteristics of the latter hearts could dilute actual differences between early and late infarct groups as a whole (table 1). To exclude animals with normal conduction characteristics yet ensure a range of abnormal electrophysiologic characteristics in both groups, we selected animals for further analysis that had inducible sustained ventricular tachycardia and/or prolonged epicardial electrogram durations. Prolonged duration was defined as a mean value for the 45 recordings greater than 28.2 msec, which is SDs from the mean of similar recordings in a group of five noninfarcted dogs.7
Vol. 77, No. 2, February 1988 447 According to the criteria above, 27 animals were selected for further electrophysiologic as well as anatomic analysis: 14 with inducible ventricular tachycardia and 13 with prolonged mean electrogram durations but no inducible ventricular tachycardia. Accurate relocalization of the epicardial template after removal of the heart was possible for only 21 of 27 infarcts. Electrophysiologic data only were available for the remaining six dogs. Electrophysiologic properties. Electrophysiologic variables recorded from the respective 45 epicardial sites of the 27 selected infarcts are displayed according to age in table 2 and summarized in figure 2. For clarity animals were subgrouped according to the arrhythmia induced. The noninducible group included animals with no inducible ventricular tachyarrhythmia or nonsustained ventricular tachycardia. The ventricular fibrillation group included only animals with ventricular fibrillation, which was considered a nonspecific end point since it has been shown to occur with the pacing protocol described in a 448 mixed population ranging from animals with infarcts and delayed prolonged epicardial activation to apparently normal animals.7 The ventricular tachycardia group consisted only of animals with inducible sustained ventricular tachycardia.
Dogs in the early and late infarct groups differed significantly for each electrophysiologic variable measured. In dogs with late infarcts recording sites were activated sooner and had shorter electrogram durations. Coefficients of variation for activation times and electrogram duration were smaller, reflecting less dispersion (heterogeneity) of electrophysiologic variables within the late infarct group. Local activation times and electrogram durations differed less, however, between those early and late infarct subgroups with ventricular tachycardia. Although epicardial activation occurred earlier in dogs with late infarcts and ventricular tachycardia, electrogram durations were not significantly different in the early versus late group. Dogs in the late infarct group with ventricular tachycardia exhibited CIRCULATION significantly less dispersion (i.e., smaller coefficients of variation) in both activation and duration. Table 3 presents compiled data from signal-averaged body surface electrograms from both early and late infarct groups. As a group, dogs with late infarcts had significantly less low-amplitude activity within the terminal portion of the QRS. While QRS duration Vol. 77, No. 2, February 1988 within the subgroup of late infarction with ventricular tachycardia did not differ significantly in comparison with that in the early infarct/ventricular tachycardia group, D30 was significantly smaller and V20 significantly larger. Half of the dogs with late infarcts and ventricular tachycardia did not manifest a late potential. Tachycardia cycle length was significantly short- B ), suggesting that increasing anatomic heterogeneity coinc1ided with increasing scar. In multiple linear regression analysis using both number of islands and percent surviving myocardium as independent variables, the two variables proved, in fact, to be largely covariant. The strength of electrophysiologic-anatomic correlations differed with age of the infarct. For early infarcts anatomy (percent surviving myocardium) correlated best with mean electrogram activation, whereas for late infarcts the correlation of anatomy was closest with electrogram duration. Forventriculartachycardia subgroups, the relationships between electrophysiology and anat-Vol. 77, No. 2, February 1988 omy were similar, but correlations were less significant.
Discussion
The present study demonstrates that sustained ventricular tachycardia can be induced in dogs up to 6 years after infarction produced by 2 hour coronary occlusion followed by reperfusion. Electrophysiologic and ana- tomic characteristics of this reentrant substrate, as well as of older infarcts in general, are less abnormal and less heterogeneous in comparison with those of earlier healing infarcts. There is relatively less abnormal conduction in the presence of late infarcts. Although it is sufficient to support sustained reentry it is associated with a shorter tachycardia cycle length and less pronounced late potentials on the body surface. Although they were not routinely monitored, none of the animals died suddenly or showed clinical evidence of significant arrhythmias, and all were in sinus rhythm at time of study, suggesting that spontaneous malignant ventricular arrhythmias were rare. Spontaneous arrhythmias were also rare in dogs with early healing infarcts. This observation may represent a difference between the occlusion-reperfusion preparations and the human condition of chronic sustained ventricular tachycardia.10 However, a recent clinical study by Kersschat et While the incidence of inducible ventricular tachycardia was similar in early and late infarct groups, tachycardia cycle length was significantly shorter in dogs studied late after infarction. This suggests a different substrate supporting reentry, a finding underscored by our electrophysiologic measurements during sinus rhythm (table 2) . Although animals were selected for abnormally prolonged electrograms, dogs with late selected for their delayed, fractionated electrograms, early and late infarcts might have been expected to have similar anatomy. Recent anatomic studies that followed evolution of experimental canine infarcts for up to 6 weeks suggest that remodeling of infarct anatomy (i.e., compensatory hypertrophy and infarct contraction) continues beyond 6 weeks.6 Our findings support this suggestion. Although the time course of anatomic and electrophysiologic derangements is accelerated in canine as compared with human infarction, the sequence of infarct evolution is comparable. 12 The prolonged interval, 24 weeks to 4 years, separating our early and late groups precludes any comment as to whether late infarct remodeling and associated electrophysiologic changes are continuous. Intermediate time points were not available. Furthermore, the impact of systemic influences, such as aging or deconditioning, is unknown.
Despite differing anatomy, respective electrophysiologic variables correlated significantly with underlying anatomy in both infarct groups (table 6). As expected, the structure of infarcts was a major determinant of their respective electrophysiologic characteristics. In ventricular tachycardia subgroups the pattern appeared to parallel that seen in the early and late groups as a whole, although with less statistical significance, possibly because of the smaller sample sizes.
Interestingly, the strength of various electrophysiologic-anatomic correlations differed with age of infarction. Mean activation time correlated better with early infarct anatomy (table 6) , whereas the coefficient of variation for activation indicated a good correlation with anatomy in both groups. Mean duration and its coefficient of variation correlated best with anatomy of the late infarct. The changes in electrophysiologicanatomic correlations with age of infarction lends further support to the concept of long-term infarct evolution.
How electrophysiologic-anatomic correlations differ with infarct age may shed light on the manner and extent to which anatomic substrates influence conduction characteristics. Both intrinsic activation time of an electrogram and its duration characterize cardiac impulse conduction. The onset of intrinsic activity at a recording site (activation time) depends on the time required for an impulse to conduct through the remaining myocardium to that site. Duration of an electrogram, on the other hand, depends on an impulse traversing the immediate field of view of a recording electrode. As such, electrogram duration reflects more local conduction characteristics.
Measured anatomic variables in our 2 mm thick 453 duction occurring in the local region of a recording electrode. Critical anatomy for the latter, however, is fine-scale fascicular partitioning of surviving cells.13
Our anatomic variables were determined from projected tracings of tissue sections and as such did not quantify fine microscopic structural anatomy (see figure 3 ). The close correlation of electrogram duration Vol. 77, No. 2, February 1988 with the anatomy of the late infarct was therefore difficult to understand. This may indicate a loss or consolidation of fine-scale fascicular partitioning of surviving cells, leaving characteristics of local conduction more dependent on properties of larger fascicles of myocardium, which our anatomic variables better quantified. Our experimental approach focused on the electrophysiologic and anatomic features of the epicardial border zone of reperfused infarcts, wherein most programmed pacing-induced ventricular tachyarrhythmias originate presumably via microreentry.4 However, mottling within reperfused infarcts extends throughout the myocardium. Although often not part of a reentry circuit per se, subendocardial and intramural electrical events are nonetheless critical in the perpetuation of reentrant ventricular tachycardia.4 The absolute necessity for intramural participation in ventricular tachycardia is speculative; however, further study of transmural electrophysiology and anatomy, including determinations of total infarct size with age, could prove illuminating.
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Our finding that dogs with healed reperfused infarcts can exhibit inducible sustained ventricular tachycardia up to 6 years later verifies the persistence within the epicardial border zone of a malignant substrate for reentry. The less abnormal electrophysiologic features of older infarcts along with their differing electrophysiologic-anatomic correlations (table 6) implies longterm infarct evolution. The anatomic substrate influencing conduction characteristics in the infarcted region appears to be different within older infarcts.
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